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"And I gave my heart to know wisdom, and to know madness and folly: I perceived that
this also is vexation of spirit."
- Ecclesiastes
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The objectives of this study were to 1) determine if number of rumen epithelial
cells incubated in a primary cell culture affects the rate of metabolite production; and 2)
determine the optimum mode of data expression to standardize reporting criteria. A
section of rumen epithelial tissue was excised from five Holstein heifers and subjected to
serial tryptic digestion to isolate cells. Isolated cells had a mean viability of 85.8%
(±1.29) and were incubated at concentrations of .5-, 1-, 5-, 10-, 20-, and 40-million cells
per flask. The oxidation of [ l- 14C]butyrate to 14CO2 and production of acetoacetate
(ACAC), P-hydroxybutyrate (PHBA), lactate, and pyruvate were measured for cell
dilution comparisons. Cell dry matter, cell total protein, epithelial wet tissue weight,
body weight, and metabolic body weight were measured to generate twelve different
forms of data expression. Coefficients of variation were calculated for each type of
expression. Expressing data per cell number resulted in the lowest variation (P < .01).
The oxidation of [ 1- 14C]butyrate to

14

CO2 did not significantly differ between cell

dilutions after 90-minute incubations. PHBA and lactate concentrations were the largest
at the I-million cell dilution, (P < .05 and P < .01). ACAC and pyruvate had largest
concentrations (P < .05 and P < .10) produced at .5-million cells/flask. The .5- and Imillion cell dilutions had low mitochondrial redox potentials with respective PHBA to
ACAC ratios of 1.04 and 1.14 indicating aberrant metabolism. Production of ACAC and
pyruvate did not differ between 5-, 10-, 20-, or 40-million cell concentrations.
Conversely, PHBA concentrations significantly decreased (P < .001) as cell
concentrations increased from 5- to 40-million. Similarly, lactate concentrations
appeared to decrease (P = .05) as cell concentrations increased from 5- to 40-million.

The suggested range of rumen epithelial cells to include in incubations is 5- to 10-

V

million cells/flask. This will minimize large variation caused by using low cell numbers
and potential for reduced metabolite production caused by incubating large cell
quantities. When rumen tissue taken from animals of the same species, size, and stage of
development; data expressed on a per cell number basis is preferred. However, it is
recommended that cell protein, cell dry matter, and animal metabolic weight also be
included for future comparisons between species and laboratories.
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1. Review of Literature
Introduction

The rumen is the major site of fermentation for the fore-stomached animal.
Fermentation is the result of a synergistic relationship between the animal and its
microbes. This synergy exists through the animals ' consumption of fibrous substrates
that can only be digested and fermented by the resident microorganisms, producing end
products available for use by the host (Yokoyama and Johnson, 1988). The main
substrates for rumen fermentation are the complex carbohydrates from consumed plant
matter, including cellulose, hemicellulose, pectins, starches, dextrans, and soluble
carbohydrates (as reviewed by Bergman, 1990). The end products of digestion and
fermentation of these substrates are volatile fatty acids (VFA), CO2, C~, and ammonia
nitrogen. VFA constitute the primary source of the ruminant animals energy
requirements (Annison and Armstrong, 1970).
Interest in the nutritional importance of VFA's increased dramatically in the
1940' s following publication of several key papers. Phillipson and McAnally (1942)
established the rumen as the major site of substrate fermentation. Adding to this concept,
Barcroft et al. (1944) demonstrated that absorption of VFA ' s occurred primarily in the
rumen. The principle VFA' s in the rumen are acetate, propionate, and butyrate with
approximate distributions of 75%, 15%, and 10% respectively (Elsden, 1945; Bergman,
1990). They are absorbed from the lumen at a rate that increases with chain length, such
that butyrate (C 4) is preferentially absorbed over propionate (C3), which is preferentially

absorbed over acetate (C 2) (Danielli et al., 1945). Complicating this was the finding that
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respective VFA concentrations in the venous blood leaving the rumen were in reverse
order from their rates of absorption, acetate > propionate > butyrate (Masson and
Phillipson, 1951 ). Kiddle et al. (1951) also found that the respective concentration of
butyrate in the blood leaving the rumen was significantly less than the amount known to
be absorbed. These observations prompted an extensive series of studies of rumen
epithelial metabolism, establishing ruminal epithelium as an integral part of nutrient
metabolism of the ruminant.
In Vivo and In Vitro Approaches to Rumen Epithelial Metabolism
The techniques a researcher uses to study rumen metabolism are either in vivo or
in vitro. Simply defined, in vitro means "in glass" and in vivo means "in life" or in a
living cell or organism (Lehninger, 1993). Choosing between in vitro or in vivo is a
reflection of desired measurements and available resources. While in vitro systems rarely
yield quantitative data, they are often used to elucidate mechanisms and biochemical
pathways. The use of in vitro systems capitalizes on the controlled homogenous
environment of the lab to make observations with the exclusion of any interfering
compounds. In vivo systems make "real life" observations applying the physiological
status of a living organism. Unfortunately, the physiological status quo of in vivo systems
is also a disadvantage in that it is difficult to account for all of the biological diversity in a
living organism. Conversely, in the lab it is difficult to mimic the exact physiologic
environment of the experimental unit being observed. In vivo methods used to study the
metabolism of rumen epithelium include: venoarterial differences (V-A) and(or) flux
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studies, isotope dilution, and temporary isolation of the rumen. In vitro methods include:
incubation of an isolated tissue sheet of rumen epithelium as a diaphragm or in a Ussing
chamber, perfusion of an isolated rumen, and rumen epithelial cell studies including

whole papillae or papillae fragments, isolation and primary culture of metabolically active
cells, and long term culture of cell isolates. The first two techniques resemble in vivo
techniques, essentially dealing with the absorptive mechanism and uptake and release of
metabolites.
In Vivo Study of Rumen Epithelial Metabolism
Venoarterial Differences and Flux Measurements. V-A differences can be
obtained through single site sampling or with chronic indwelling catheters in the arterial
supply and the venous effluent. Metabolite differences obtained from single site samples
may be unreliable for extrapolation to conditions of the whole body because they
represent metabolite concentrations at an exact place and time (Heitmann, 1989; Warner,
1964). Therefore, use of multiple indwelling catheters is the preferred method for
measuring venoarterial differences. Thi~ technique is advantageous in the measurement
of conscious animals under typical production conditions (Huntington and Reynolds,
1987). Net metabolite flux of an organ is obtained when the V-A difference is combined
with the rate of blood flow across a tissue (Roe et al., 1966; Heitmann, 1989; Huntington
and Reynolds, 1987). Referring to the difference of metabolite concentrations as a "net"
flux defines the uptake and release of a metabolite by tissues isolated by the sampling
sites (Huntington and Reynolds, 1987). A positive net flux indicates a net rate of

production or release of a metabolite whereas a negative net flux indicates a net rate of
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utilization or uptake of a metabolite (Heitmann, 1989).
Katz and Bergman (1969a,b) developed two methods which allowed portal
metabolism to be distinguished from that of the liver. A method for chronic cannulation
of the hepatic vein allowed observations of liver metabolism without anesthesia (Katz
and Bergman, 1969a). Since the liver has two blood sources, the portal vein and the
hepatic artery, a method to simultaneously measure portal venous and hepatic venous
blood flow was developed (Katz and Bergman, 1969b). This accounted for the variation
in the portion of hepatic blood flow, which originated from the portal vein or the hepatic
artery. As a result, measurement of net flux across portal and hepatic tissues requires
multicatheterized animals with catheters in the portal and hepatic veins and hepatic artery
for sampling and in peripheral and mesenteric veins for infusions (Bergman, 1975). To
reduce error, samples from multiple sites must be taken simultaneously and must be
withdrawn slowly to prevent laminar flow from affecting the concentration in the fraction
removed (Heitmann, 1989).
Isotope Dilution. Isotope dilution has been used to study splanchnic (visceral)
metabolism in the intact animal (Leng and Leonard, 1965; Leng and Brett, 1966;
Bergman et al., 1965) and in the laboratory (Hird and Symons, 1961; Annison et al. ,
1963 ). This method entails infusion of trace amounts of labeled substrate and measuring
label disappearance over time (Linzell and Annison, 1975). Isotope dilution has been
used to measure rate of metabolite production in the rumen, rates of metabolite
absorbance from the rumen, and contribution of a metabolite to tissue or whole body

metabolism. This method allows the researcher to measure the total amount of substrate
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made available for tissue utilization in the conscious animal without changing the
circulating level of metabolite (Linzell and Annison, 1975). Using isotope dilution for
metabolic research disclosed inconsistencies in the analysis of turnover rates for a
metabolite. Measuring specific activity in blood taken from a single site may not be
representative of the whole body (Warner, 1964). Measurements of turnover rates from
the rumen may be unreliable because of interconversions between closely related
molecules, i.e., acetate and butyrate are not accounted for (Bergman et al., 1965).
Measurements taken from the rumen are gross production rates. They may lead to
overestimation of the amount of acid available to the animal, because fatty acids could
undergo further metabolism by microbes and in the rumen epithelium (Warner, 1964).
When measuring a metabolite's appearance or entry rate into circulation, overestimates
could occur through the endogenous release of the metabolite from peripheral tissues
(Bergman, 1975). Conversely, simple measurements ofV-A concentration differences
combined with the rate of blood flow can underestimate true metabolite absorption by not
incorporating tissue metabolism prior to release (Bergman, 1975). For example, the
actual absorption of acetate from the PDV of sheep is larger than its net appearance in the
blood: 157 mmol/L is the total concentration in the portal vein and arterial input at 83
mmol/L. This suggests that 74 mmol/L is absorbed from the PDV, when the actual
absorption of acetate from the PDV was 97 mmol/L (Bergman and Wolff, 1971 ). The 23
mmol/L difference is the loss to rumen epithelium metabolism.
The need to account for epithelial metabolism and hepatic metabolism when

measuring metabolite concentrations from the portal bed and the liver is met when V-A
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concentration differences are used in conjunction with isotope dilution. Combining these
methods allows for a more descriptive understanding of absorption giving way to the
measurement of endogenous metabolite production or irreversible utilization in a tissue
(Linzell and Annison, 1975; Bergman, 1975). When studying portal or hepatic
metabolism, unidirectional organ uptake or release can be calculated separately from net
rates which encompass contrasting processes of absorption, utilization, and production
which are occurring simultaneously (Bergman, 1975). Calculating the extraction ratio of
a metabolite for a tissue represents the amount of metabolite available to the tissue that is
taken up by the tissue (Heitmann, 1989). Unidirectional flux rates identify the source of
changes in intraorgan metabolism. If there is a decrease in the net production of a
metabolite across an organ it could be the result of a decrease in de novo production or an
increase in irreversible utilization (Heitmann, 1989). Changes in extraction ratios imply a
physiological regulating mechanism other than substrate supply. Unidirectional rates are
calculated by infusing a radiolabelled metabolite and calculating its extraction ratio by a
specific organ. This allows measurement of unidirectional rates of utilization by
multiplying the isotope extraction ratio by the total blood amount (blood flow rate x
arterial concentration) of the metabolite entering the organ (Bergman, 1975).
Unidirectional rates of production are calculated by adding the net flux and unidirectional
utilization measurements of a tissue (Heitmann, 1989). These calculations distinguish the
mechanism causing a change in metabolite flux across an organ through the use of
indwelling catheters in conjunction with isotope dilution. This combination allows
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measurement of metabolic contributions from the rumen and interactions occurring in the
epithelium during absorption from the lumen to bloodstream to be distinguished. The
disadvantages of using these techniques are the requirements of personnel with surgical
and technical expertise in this field, a large number of animals to overcome individual
animal variations and error incurred with measuring net flux, unidirectional rates of
production, and the mathematically compounded error associated with calculating
unidirectional rate of utilization.

Rumen Isolation. To study solute and fluid movements across the ruminal
epithelium in vivo, the rumen can be temporarily isolated. This is accomplished by
emptying the rumen through a fistula and washing the lumen with a buffer solution. To
account for saliva influx and fluid outflow, a saliva collector is inserted in the lower part
of the esophagus and the reticulo-omasal orifice is closed with a rubber plug (Martens,
1983). The experimental solution can then be introduced into the rumen and continuously
gassed with CO D. A water-soluble marker unable to be absorbed by the rumen is
included in the experimental solution and its percent recovery is used to measure volume
changes as a potential source of error. The prior knowledge of the rumen contents allows
absorption to be studied under defined circumstances. The relationship of minerals such
as Na+, K+, c1-, and Mg2+and their transport, osmotic pressure, and pH are all influential
in the mechanics of VF A absorption from the rumen. Research utilizing this technique
focuses on influence of the aforementioned factors upon quantitative VFA absorption
from the rumen (Gaebel et al. , 1987; Martens, 1983; Gaebel and Martens, 1988).
Disadvantages of this technique include: isolation of the rumen dramatically effects fluid
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homeostasis, possibly altering its absorptive capacity (Dahlbom and Holtenius, 1989) and
potential for leakage of either the saliva collector or the reticulo-omasal plug to go
unnoticed (Martens, 1983).
Summary. Ultimately, flux studies used in conjunction with isotope dilution

provide the most precise measurements of rumen epithelial metabolism from the whole
animal. Since the advent of chronic indwelling multiple catheters, results have been
representative of the animal under controlled conditions. This allows specific activities of
portal and hepatic metabolism to be manipulated and explored. Use of the temporarily
isolated rumen is limited because of the potential for error by drastically altering the
rumen environment. This has prevented its use beyond general absorption studies.
However, the use of the above techniques can allow the path of a metabolite to be
followed from ingestion to the site of oxidation or storage. This generates valuable data
and baselines for in vitro research to follow.
In Vitro Study of Rumen Epithelial Metabolism
Isolated Sheets. While temporary in vivo isolation of the rumen can determine the

magnitude of absorptive function, incubation of sheets of rumen epithelium is more
useful in distinguishing mechanisms of absorption. Hird and Weidemann (1964)
developed a system in which isolated sheets of rumen epithelium are mounted as
diaphragms between two Perspex plates to study the transport of fatty acids. Each side of
the diaphragm was exposed to a buffer with one side containing the VFA. This system
was able to reproduce in vivo data of ketone production, but the absence of blood supply

9

offset diffusion ofketones. Also, the inability to account for the transmembrane potential
difference limits the specificity of metabolite absorption research produced using this
technique.
To increase accuracy, Ussing and Zerahn (1951) developed a procedure and
apparatus to isolate the short-circuited frog skin for research on absorption of inorganic
ions. Rumen epithelium (stratified epithelium) can be similarly studied by the Ussing
procedure. The active transport of inorganic ions from the rumen to the bloodstream
generates an electric potential difference also similar to frog skin (Keynes and Harrison,
1970). After removal from the animal, sheets of rumen epithelium are placed between
two chambers containing Ringer' s solution. A pair of bridges connect the two solutions
to a battery allowing the short-circuiting of the tissue potential, with the current required
to short-circuit the tissue being equal to the current generated by the tissue (Ussing and
Zerahn, 1951 ). At this point ion transport can be evaluated in the absence of
electrochemical gradients, and when combined with ion flux measurements
discrimination between active and passive transport is possible (Stevens, 1964).
Unidirectional fluxes (transport rates) of electrolytes and VF A across the short-circuited
tissue sheet are measurable with the inclusion of tracers to either the mucosa! or serosal
side of the tissue (Sehested et al., 1996). Appearance of tracers on the opposite side is
measured by taking aliquots of solutions bathing the respective epithelial surface at
repeated time intervals (Rechkemmer et al. , 1995). The use ofradioisotopically labeled
substances in flux experiments can be viewed as a potential source of error. If the
substances are metabolized intracellularly it will likely go undetected since radioactivity

of the samples is often determined without detailed analysis of the identity of the
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substance carrying the label (Rechkemmer et al., 1995). Tissue current and resistance are
used to signify viability of the isolated tissue and a constant rate of ketone production
from acetate and butyrate serves as an indication of continued tissue quality (Stevens,
1970). Use of this technique allows independent control of the electrical and chemical
potential differences across the tissue, measurement of tissue uptake and transport of a
substance, and complete recovery of the metabolites (Stevens, 1970). Inherent to any in
vitro system is the challenge of proving the tissue normal and viable. With the isolated
sheet of short-circuited rumen epithelium the active transport of sodium decreases
approximately 50% in 2.5 hours, restricting experiments to this interval of time (Stevens,
1964). Even with the limitation of time available for incubation restraining the
dimensions of measurements, this technique is widely used to study the process of
absorption from the rumen epithelium.
Perfused Rumen. The perfused rumen is an in vitro technique used to make
quantitative measurements ofmucosal metabolism. Use of a perfused rumen involves the
removal of the entire reticulo-rumen, cannulation of vasculature, and perfusion with
heparinized blood obtained from the animal during exsanguination. During perfusion, the
removal of blood glucose from the arterial blood supply is measured as an indication that
the integrity of the tissue is maintained (Brown et al. , 1960). An advantage in the use of a
perfused rumen is that the absorptive process can be accurately described through precise
measurements of the rumen pH, rumen acid concentration, and rate of blood flow through
rumen vasculature (Brown et al. , 1960). This allows the absorption of individual VF A' s

from the rumen to be measured in a defined system. Production of VFA in the perfused
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rumen is measured as any additional VF A found in the rumen and blood after an
incubation period (Warner, 1964).
The chief disadvantage of perfusing an organ this large is the inability to achieve
physiologic blood flow. McCarthy et al. (1958) perfused two isolated rumens with the
first achieving only 25%, and the second achieving 50% of the estimated in vivo blood
flow rate. Knowing this, the absorption rates must also be considered abnormal.
Difficulties with this technique in measuring production rate of VFA are a result of
decreased acid removal from the rumen along with the absence of mixing and diffusion of
these end products. This creates a harmful environment to the microorganisms decreasing
their productivity (Warner, 1964; Brown et al., 1960). As a quantitative technique, the
perfused rumen is at a disadvantage in that it can only be maintained for a short time
(Warner, 1964). Therefore, if contributions of VFA to the daily net energy requirement
were of interest, data would have to be extrapolated to a 24 hour basis. This would leave
the influx of saliva and the removal of digesta unaccounted for (Warner, 1964). The
ability of this technique to establish and measure rumen epithelial metabolism is doubtful
(Warner, 1964; Sutton et al., 1963). Neither, McCarthy et al. (1958) nor Brown et al.
(1960) found significant amounts of ketones bodies as a result of butyrate metabolism in
the epithelium using the perfused rumen. This contradicted findings from in vitro and in
vivo studies of Pennington (1952) and Annison et al. (1957) respectively, who
demonstrated that butyrate is metabolized by the rumen epithelium to ketone bodies.
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This inability to mimic physiologic conditions discounts the perfused rumen as a feasible
technique in the study of mucosal metabolism.
Epithelial Cell Cultures

The epithelial tissue of the rumen is ideal for metabolic studies since it is thin and
tough, has a large surface area, and large amounts can be obtained and processed in a
short time (Pennington, 1952). The primary in vitro technique for elucidating rumen
epithelial biochemistry has been the isolation of papillae from the rumen wall. The
papillae are sites of absorption which expand the epithelial surface. The papillae of the
rumen are lined with keratinized, nonglandular, stratified squamous epithelial tissue.
There are four identifiable cell layers in the epithelium of the fore-stomach (Steven and
Marshall, 1970). The stratum basale is the inner-most layer of cells which rests on an
extracellular matrix called the basement membrane and this membrane separates the
basale cells from the underlying connective tissue of the lamina propia. The cells of the
stratum basale are columnar or cuboidal and contain numerous mitochondria and other
intracellular organelles. Basal cells differentiate, detach from the lamina propia, and
form the next apparent cell layer, the stratum spinosum, as they migrate toward the
lumen This cell layer contains fewer mitochondria, its shape is oval in outline, and the
interstitial space decreases as the cells begin to pack together (Steven and Marshall,
1970). The apical side of this cell layer contains evidence of the formation of filaments.
The next identifiable cell layer is the stratum granulosum. Inside these cells the nucleus
is beginning to degenerate and there is increased fibril formation. At this point in the
stratified epithelium, the intercellular space is negligible as the membranes of adjacent

cells fuse together creating tight cell junctions, providing a barrier between the lumen
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environment and the metabolically active cells. The stratum corneum is the outermost
cell layer. This cell layer is heavily keratinized and exhibits minimal metabolic capacity.
Very few nuclei remain in this layer of epithelium and the cells consist of a central core of
granular material surrounded by peripheral fiber (Steven and Marshall, 1970). The tight
cell junctions of the stratum granulosum are lost and the keratinized cells of the stratum
corneum regain intercellular spaces. The keratinized cells of this layer provide a
protective surface against abrasion and microbial invasion from the lumen for the
unprotected underlying, metabolically active cell layers (Lyford, 1988). This structural
and functional diversity of the cell types present decrease the homogeneity of incubations
of whole papillae or papillae fragments (Baldwin and Jesse, 1991). This was overcome
with the advent of a cell isolation system preferentially selecting cells from the s.
spinosum ands. basale.
Early papers trace the in vitro procedures back to Pennington's 1952 study using 1
cm2 pieces rumen papillae (Sutton et al., 1963; Cook et al., 1968; and Weigand et al.,
1975). Results from these in vitro studies using papillae were unable to reproduce data
from in vivo reports of j3 - hydroxybutyrate and acetoacetate levels released from rumen
epithelium (Annison et al., 1957; Weigand et al., 1972). The ratio of j3 - hydroxybutyrate
(j3HBA) to acetoacetate (ACAC) from in vivo portal vein data for ruminants ranges from
2-4:1 (Heitmann et al., 1987). Pennington (1952) reported ACAC production only.
Sutton et al. (1963) reported ratios of approximately 1:4 from rumen epithelium
incubated for three hours with butyrate. Weigand et al. (1975) reported ratios of

approximately 1:3 from rumen epithelium incubated for three hours with butyrate. The
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PHBA to ACAC ratio is representative of the mitochondrial redox potential. In vitro
studies utilizing short term incubations (60-90 minutes) of rumen papillae demonstrated
that changes in the redox state affect production ratios ofketones (Goosen, 1976;
Emmanuel, 1981 ). Possible explanations for the reversed ratios could be that Sutton et al.
(1963) transported their tissue samples on ice. It is now recognized that chilling the
sample for transport dramatically inhibits the rate at which cells produce PHBA
(Baldwin and Jesse, 1991). Weigand et al. (1975) did not transport tissue samples on ice,
but rather in warm Krebs buffer. Nonetheless, Weigand' s ratio resembled in vitro data of
Pennington (1952) and Sutton et al. (1963) with elevated ACAC levels. This suggests a
possible confoundment in using papillary fragments . By making several assumptions, the
difficulty in obtaining a physiologic ketone ratio using papillary fragments could be
related to the substrates decreased ability to interact with the metabolically active cells. If
the absorption is hindered from slow diffusion through the cornified cell strata and/or
reduced levels of substrate in the incubation, the metabolic status of the cells could
change. Since PHBA dehydrogenase in rumen epithelium is mitochondrial (Leighton et
al. , 1983), a reduction in VFA availability can decrease fatty acid oxidation in the
mitochondria of the s. spinosum ands. basale. This could lead to a lowered
NADH:NAD+ ratio favoring acetoacetate production over conversion to PHBA
(Bergman et al. , 1966; Heitmann et al., 1987). Beck et al. (1984) incubated epithelial
slices in the presence of butyrate and obtained inflated PHBA to ACAC ratios ranging
from 4-7:1 for bovine and 11-17:1 for ovine. While the concentration of PHBA was

greater than ACAC, the ratio was abnormally large, again raising questions about the
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efficacy of incubating pieces, or whole papillae. An alternate explanation may be related
to the concentration of butyrate in the incubation solution being too high. Giesecke et al.
(1985) incorporated data from Beck et al. (1984) and demonstrated that increasing the
concentration of butyrate in incubation with epithelial slices resulted in a parallel increase
in the ratio of PHBA to ACAC.
Since the epithelium of the rumen is a heterogeneous tissue with the inner layers
of the s. basale and s. spinosum responsible for metabolism of the volatile fatty acids (de
Lahunta, 1965), the metabolically active cells need to be isolated from the inactive cells.
The use of papain for tissue separation from isolated papillae was investigated (Weekes,
1974b). Treatment and incubation of papillae with papain resulted in a progressive
decrease in oxygen uptake. Also, when incubated with papain, the enzyme activities of
NADP - malate dehydrogenase, lactate dehydrogenase (LOH), glutamate dehydrogenase
and PHBA dehydrogenase were all decreased even though the morphology of the cells
appeared normal (Weekes, 1974b). Isolation of rumen epithelial cells and maintenance in
primary culture was first achieved using a serial tryptic digestion (Galfi, 1981a). Galfi
( 1982) determined that the cell types s. corneum ands. granulosum had high alkaline
phosphatase (AP) and low LDH activities. In contrast the cells of the s. basale ands.
spinosum had low AP and high LDH activities. The opposite enzyme activities could

therefore be used as markers to reflect the amount of differentiation occurring with
ruminal epithelial cells in culture. Using this system of cell isolation and culture it was
reported that: 1) sodium n-butyrate (10 mmol/L) exhibited an inhibitory effect on rumen

epithelial cell DNA synthesis (Galfi. et al., 1981b; Neogrady et al., 1989a), 2) s. basale
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ands. spinosum cultured with (5 mmol/1) sodiwn n-butyrate underwent keratinization
(Galfi et al., 1983; Galfi and Neogrady, 1989), and 3) rwnen epithelial cell proliferation
was stimulated when cultured with insulin (Neogrady et al., 1989b). The in vitro reports
that sodiwn n-butyrate decreased cell proliferation contradicted in vivo reports that rwnen
epithelial proliferation increased with intra-rwninal butyrate infusions (Sakata and
Tamate, 1978). Galfi et al. (1986) investigated this apparent contradiction between in

vivo and in vitro reports with an in vivo study using a continuous infusion of sodiwn nbutyrate, which confirmed their in vitro findings of decreased cell proliferation in the
presence of butyrate.
Inooka et al. (1984) demonstrated successful cultivation of rwninal cells and
fibroblast - like cells through a pre-trypsinization procedure, which allowed the isolation
and culture of these cells through subsequent trypsin digests. The isolation of cells with
this method was achieved in only two hours post tissue sampling. This proved to be a
significant advantage, because the eight hours required to isolate cells by the method of
Galfi et al. (1981a) limited the efficacy of the technique 's use in metabolic evaluations.
Inooka et al. (1986) subsequently developed and maintained a long-term sub-culture of
fibroblast-like cells.
A method of epithelial cell isolation from papillae excised from the sheep rwnen,
with a detailed procedure that applied short term incubation periods was developed by
Baldwin and Jesse ( 1991 ). This cell isolation procedure utilized serial tryptic digests (~
5-6 cycles) for removal of the inactive cells and short term incubations of primary cells

ranging from 90 to 120 minutes. To characterize the isolated cells it was assumed that

17

production of PHBA from butyrate was a definitive characteristic of active rumen
epithelial cells. The ability of s. corneum to produce PHBA from butyrate was measured
and found to be insignificant. Subsequently, the first two fractions from digestion of
papillae consisted mainly of s. corneum and were discarded with the third through final
:fractions pooled for incubations. The isolated cells remaining in the final digests were
primarily of the basal and spinosum strata and their production of PHBA over a two hour
incubation period was linear.
Ensuing research utilizing the method developed by Baldwin and Jesse (1991)
often implemented the measurement oflactate, pyruvate, PHBA , and ACAC
concentrations (Baldwin and Jesse, 1996; Waldron, 1996). During propionate absorption,
up to 50% in sheep and 15% in cattle is metabolized to lactate and pyruvate by the rumen
epithelium (Bergman, 1990), and approximately 90% of the absorbed butyrate is released
into the portal blood as PHBA or ACAC (Bergman and Wolff, 1971 ; Beck et al., 1984).
When respective products of propionate and butyrate metabolism are expressed as the
ratios lactate to pyruvate and PHBA to ACAC they represent the current redox state of
the cytosol and mitochondria, respectively. These ratios allow the characterization of
isolated active cells and a control for cellular energy status as a source of error (Waldron,
1996). These ratios are controlled by the cytosolic and mitochondrial ratio of NADH to
NAD+. The final step ofketogenesis is the reduction of ACAC to PHBA by PHBA
dehydrogenase, which is primarily located in the mitochondria of epithelial cells
(Leighton et al., 1983). Catalysis of the reaction is coupled to the available level of
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NADH with in the mitochondria. The cytosolic reduction of pyruvate to lactate by lactate
dehydrogenase is also coupled to the available level ofNADH. Thus, by measuring these
ratios, the energetic state of the cell's metabolism, cell viability, and metabolite
interactions are available for evaluation.
The use of an isolated cell system decreases the effects of varying levels of s.

corneum and s. granulosum between animals, making it advantageous to study rumen
epithelial metabolism from animals with different energy density diets and ruminal
morphology (Baldwin, 1998). The isolation of s. basale ands. spinosum also permits the
comparison of undeveloped rumen epithelium (consisting of primarily basale and

spinosum strata) to developed epithelium containing all four strata (Baldwin, 1998).
Since this technique is in vitro, Gaebel et al. (1996) investigated the suitability of cultured
rumen epithelial cell isolates used as functional models for the intact rumen epithelium by
observing the Na+/H+ exchange activity. A high Na+/l-J+ exchange activity is a
characteristic feature of the intact rumen epithelium (Martens et al., 1991). It was
observed that this activity was maintained through the isolation and the primary culture
retaining similarities to rumen epithelium in the living animal (Gabel et al., 1996). The
possible limitations of the technique result from the time taken to remove the tissue from
the animal, transport time to the laboratory, time required to prepare the tissue for tryptic
digestion, and the ensuing death of an animal. However, the successful harvesting of
rumen papillae exteriorized through a rumen fistula by Waldron (1996) is a substantial
improvement of previous methods that required exsanguination of the animal. This
would allow a chronic study of rumen epithelium through various physiologic stages or

diet changes from the same animal. Clarifications which need to be addressed are:
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unknown effects of disruption of cell to cell interactions, the isolation of metabolically
active cells may create an unphysiologic concentration of VFA normally mediated by the
outer cell strata and rapid absorption into the blood stream, and the increase in
homogeneity may alter the portrayal of actual tissue performance (Baldwin, 1998). Also,
further calibrations of cell concentration during incubation and units of measurement are
needed to develop standards that represent functional cells of the intact epithelium of the
whole animal. Further refinements and clarifications of the above issues would place the
isolated cell system closer to achieving accurate representation of characteristics found in
the rumen epithelium of a living animal.
Summary

Of the in vitro techniques mentioned for the study of rumen epithelial cell
metabolism, the isolation of sheets of rumen epithelium and use of the U ssing chamber
are the most precise for measuring substrate transport across the epithelial barrier. For
research involving intracellular metabolism of rumen epithelium, the isolated cell system
achieves the best results. Beyond the difficulties encountered from removal of tissue
from the animal and subjecting it to various stresses in the lab, this technique allows
optimal control of its environment. The decrease in cell diversity allows collection of
more reliable data than that from incubating papillae or papillae fragments. Thus, as the
experimental unit decreases in size, the accuracy of measurements continues to increase.

2. Introduction
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To assess the nutrient needs of animals, an understanding of tissue requirements
and nutrient metabolism is essential. The rumen epithelium is the barrier which lines the
rumen interior making it an important control point for what is available to the animal for
utilization and metabolism. The in vitro study of rumen epithelial metabolism has
matured from the incubation of whole papillae or :fragments thereof (Pennington, 1952)
to isolation of cells from the metabolically active strata of the rumen epithelium (Galfi et
al., 1981a; Baldwin and Jesse, 1991).
It is established that diet has an effect on rumen epithelial morphology (Weigand
et al., 1975). The ability of the cell isolation technique to purify active cell strata has
greatly reduced morphological differences making it possible to study metabolite
interactions, make metabolic comparisons across species, compare epithelial location
within the rumen (Waldron, 1996), and compare epithelial metabolic development from a
pre-weaning animal to a fully functioning ruminant (Baldwin and Jesse, 1992). Using
this technique, Waldron ( 1996) determined that the epithelial metabolism of sheep and
steers may differ. Although rates of production were corrected by a per million cell
increment to balance the difference between the number of cells incubated for each
species, Waldron (1996) and Baldwin (personal communication) suggested productivity
of rumen epithelial cells may be affected by their concentration in the incubation flasks.
When making comparisons between different animals, different species, and animals at
different stages of development, the expression of metabolite production based on cell
number makes several assumptions. It is assumed that cells are of the same size, same
degree of maturation, and same protein and enzyme content. Therefore, the objectives of

this experiment were to determine the optimum cell concentration for incubations and
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ideal mode of expression of data in order to standardize the reporting criteria for primary
cell incubations, thus making it easier to compare data among laboratories and species.

3. Materials and Methods
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Materials
Trypsin (1 :250) was from GIBCO (Gaithersburg, l\10). Incubation substrates
used were the sodium salt of propionate from Moraveck Biochemicals (Brea, California)
14

and [l- C]-butyrate from NEN Life Science (Boston, MA). All other reagents used were
from Sigma Chemical (St. Louis, MO).

Methods
Heifers.
Animals used in this study were five 3 - 4 month-old Holstein heifers (100.8 ±
12.0 kg) and were all functioning ruminants. All heifers were maintained at USDA,
Beltsville Area Research Center (BARC) and received the same ration for a minimum of
two weeks prior to experiment.

Tissue Collection.
The experiment was conducted in the laboratory of Dr. R. L. Baldwin VI at the
USDA, Beltsville Area Research Center. Over three days five heifers were killed with
animals I and 2 killed the first day, animals 3 and 4 on the second day, and animal 5
killed on the third day. The initial animal was euthanized at 0830 followed by the next
animal at 0930. Following USDA guidelines, heifers were stunned with a captive bolt
guri

followed by exsanguination. The abdomen was opened and the rumen was

immediately excised. A large section of tissue was removed from the anterior side of the
cranial pillar (location varied somewhat depending on papillae density). Tissue was
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rinsed with wann tap water to remove any adhering feed particles and placed in a thermos
containing 37 ° C Krb-Hepes buffer (Table 1) for transport to the laboratory. Once in the
laboratory, underlying connective tissue, adipose tissue, and smooth muscle layers were
removed. Epithelial tissue weights were obtained and tissue was then minced with a
scalpel into approximately 1-cm2 pieces.
Rumen Cell Isolation.
Rumen epithelial cells were isolated based on the serial tryptic digestion
procedure of Baldwin and Jesse (1991 ). Minced epithelium was placed in a 1000-mL
Erlenmeyer digestion flask containing 200 mL of 5% trypsin solution and 0.032 g of
CaCh dihydrate. The flask was placed in a slow-shaking orbital hot air incubator (Model
3527 Lab-Line Instruments, Melrose Park, IL) at 37°C for 15 minutes. Upon completion
of the digestion, flask contents were poured across a 1-mm nylon mesh (Spectra/Mesh,
Spectrum Laboratory Products, Los Angeles, CA) into a 500-mL Erlenmeyer collection
flask. Tissue remaining on the mesh was rinsed with 37°C Krb-Hepes buffer to remove
any adhering cells. The tissue was then placed back into the digestion flask for another
15-minute 5% trypsin digestion. Recovered cells in the collection flask were discarded
since this digest consisted primarily of cells from stratum corneum and stratum
granulosum layers and cells from these strata are not representative of epithelial
metabolism. The same recovery procedure was used for the second digest and these cells
were also discarded. The tissue remaining on the mesh was again placed back into the
digestion flask for a third 15-minute, 5% trypsin digestion at 37°C. After filtering the
third digest solution through a 1-mm nylon mesh, the filtrate was poured through a 300-

Table 1. Krb-Hepes buffer, premix-stock, and 5X Krb solutions
Amount
Compound
Krb-Hepes Buffer0

KH2PO4
MgSO4
KCl
Hepesd
NaCl

0.3239 (g)
0.5866 (g)
0.706 (g)
13.0 (g)
14.4 (g)

Premix-Stockb

5XK.rb
1 MHepesd
Distilled H2O

120 (mL)
15 (mL)
125 (mL)

0.77MNaCl
0.77MKC1
0.77 M Mg2SO4
0.77 M KH2PO4
NaHCO3

50 (mL)
2 (mL)
0.5 (mL)
0.5 (mL)
0.6844 (g)

°Compounds are in solution with 2 L distilled water and buffer is continuously bubbled with
0 2:C02 (95%:5%) at pH = 7.4.
bSolution is continuously bubbled with 0 2:C02 (95%:5%) at pH = 7.4.
"Brought up to final volume of 65 mL with distilled H 20.
~-2-Hydroxyethylpiperazine-N-2-ethane sulfonic acid
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µm nylon mesh (Spectra/Mesh) into 50-mL polypropylene centrifuge tubes. Recovered
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cells were spun at 900 rpm (70 x g) for 6 minutes (Centra-MP4R, International
Equipment Co., Neecham Hts, MA) at 4 ° C. If the resulting pellet contained a dark ring
of keratinized cells it was discarded. If keratinized cells were not predominant the
supernatant was poured off and the pellet was resuspended with fresh Krb-Hepes buffer
and recentrifuged. Resuspension and centrifugation was repeated a second time to clear
any trypsin from the solution. The remaining tissue from the third digest was placed in a
500-mL Erlenmeyer digestion flask for the fourth digest in 100 mL of 5% trypsin
containing 0.016 g CaCh dihydrate for 15 minutes at 37°C. The same recovery and wash
procedure described for the third digest was repeated for all subsequent digestions.
Digests beyond the fourth digest were in 100 mL of 3% trypsin containing 0.016g of
CaCh for 10 minutes at 37°C. The number of digests performed per animal varied and
was dependent on quantity and quality of cells recovered (number of digests for all five
heifers ranged from 4-6). Digests yielding cells primarily from stratum basale and
stratum spinosum appeared as a cream colored pellet, and were combined to create a total
cell pool from each animal. The final cell pool was recentrifuged and resuspended. Cell
yield and cell viability were then assessed using a hemacytometer and the trypan blue dye
exclusion technique (Sigma, 1998). Cells that did not absorb the dye were considered
viable. A 500-million cell aliquot from each animal was set aside and frozen for cell dry
weights and total protein measurements at The University of Tennessee, Knoxville
(UTK).

Rumen Cell Incubations.

Cell pools were separated into six 25-mL beakers and diluted with Krb-Hepes
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buffer to stock cell dilutions of 1-, 2-, 10-, 20-, 40-, and 80-rnillion cells/mL. Incubation
fl.asks (25-mL Erlenmeyer) contained 2.5 mL of incubation media consisting of: 0.3 mL
100 mM [1- 14C]butyrate, 0.3 mL 250 mM propionate, 0.6 mL 1.25 M bovine serum
albumin (BSA), and 1.3 mL of premix solution (Table 1). From each stock cell dilution
0.5 mL was added to individual flasks resulting in cell dilutions of 0.5-, 1, 5-, 10-, 20-,
and 40-rnillion cells per incubation flask and a 3-mL total volume for all incubation
fl.asks . Each cellular dilution was incubated for 0-, 30-, 60-, and 90-minute intervals in
triplicate for each cell dilution. The 0-minute flasks measured endogenous metabolite
production prior to incubation and 90-minute incubations without cell additions
controlled for volatilization of radioactive label. Immediately following addition of cell
suspension, incubation flasks were flushed with O2:CO2 (95:5) for 20-seconds and sealed
with a rubber serum cap fitted with a suspended center well (Kontes, Vineland, NJ).
Flasks were then placed in a 37°C reciprocal action shaking water bath (Precision Model
50, Jouan, Inc., Cedex, France). Incubations were terminated with 0.2 mL of
concentrated perchloric acid and placed on ice for a one-hour post-incubation period.
During the post-incubation period the center wells were filled with 0.3 mL ofhyamine
hydroxide to capture the

14

CO2 released by the addition of perchloric acid. After one hour

the center wells were placed into scintillation vials (Research Products International,
Mount Prospect, IL) and filled with 4 mL of scintillant (Biosafe II, Research Products
International) for counting. Flask contents were decanted into 12x75 culture tubes (kept
on ice) and neutralized with 0.4 mL of saturated potassium carbonate. Samples were then

centrifuged for 20 minutes at 1500 x g and supernatant was decanted into clean 12x75
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culture tubes for same day analysis.
Analyses.
Cleared supematants were analyzed for P-hydroxybutyrate (PHBA), acetoacetate
(AcAc), lactate (Lac), and pyruvate (Pyr) (Williamson and Mellanby, 1965; Mellanby and
Williamson, 1965; and Sigma Procedure #' s 726-uv/826-uv; respectively). All four
assays were modified for use on a microtiter plate reader (CERES 900 HDI, Bio-Tek
instruments Inc., Winooski, VT). A complete description of all four assays can be found
in Appendices 1-4. Cell dry weight and total protein measurements obtained from frozen
500-million cell aliquots of each animal were used in conjunction with g wet tissue
weights and body weights to convert the form of expression of metabolite concentrations.
This allowed metabolite concentration data to be expressed as nmoles per million cells,
mg cell dry matter (DM), or mg cell total protein (TP). These three forms of expression
were then converted further to nmoles per million cells, cell DM, or mg cell TP /g wet
tissue weight, per kg of body weight (BW), or per kg of metabolic BW (kg·75 ) . This
generated twelve forms of expression for metabolite concentrations.
Incubation flasks were the experimental units for statistical analysis. Data
reported are means of at least four different cell preparations and triplicate incubations
were conducted on each cell preparation at each dilution. Statistical analysis was
conducted using Proc Mixed procedure of SAS (SAS , 1999) to test for significant
interactions between metabolite production and cell dilution. Individual coefficients of
variation (CV) were determined for each mode of data expression at each cell dilution.

CV's determined from the twelve modes of data expression were statistically analyzed
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using paired t-tests (Steele and Torrie, 1960). The paired t-test allowed comparison of all
possible combinations of the 12 different modes of data expression by canceling out
dilution to dilution variation.

4. Results
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Average cell viability for all five heifers was 85.75% and ranged between 81.42%
and 89 .16%. Individual excised tissue weight, body weight, metabolic body weights, cell
viability, and cell yields are presented in Table 2. Cell dry matter and cell protein
measurements taken from 500-million cell aliquots were converted to respective amounts
present in 0.5-, 1-, 5-, 10-, 20-, and 40-million cell dilutions (Table 3).
14
All four metabolites and CO2 had increasing production throughout the 90-

minute incubation in all six cell dilutions, with the exception of pyruvate at the I-million
cell dilution (Table 4). This sustained metabolite production is evidence of continuous
cellular activity across the entire cell incubation. For l3HBA, ACAC, lactate, and
pyruvate the slope for production over time decreased as the cell concentration increased.
The r2 for the two reduced metabolites and 14CO2 were highest at cell dilutions 10-, 20-,
and 40-million cells/flask (Table 4).
To be able to make production comparisons with a metabolite' s end point
concentration the values are corrected for presence of endogenous metabolite. Therefore,
the values are no longer "true" concentrations, but a measure of metabolite production
occurring in 90-minutes. Subtraction of metabolite concentration present at zero-minutes
eliminates any metabolite present within cells not produced during incubation. This
correction, while placing all cell incubations at the same starting concentration,
occasionally resulted in a negative final concentration. This indicates that while
metabolite production was active during incubation, the amount produced was not greater
than what was originally present in that pool of cells. The occurrence of negative
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Table 2. Characteristics measured for individual heifers
Animal#

Epithelial Tissue
Wt. (g)

Body Wt.
(kg)

Metabolic Wt.
(kg)·1s

Cell Viability
(%)

Viable Cell
Yield
6
~10 cells/mq

1

110.48

107

33.27

85.64

112.40

2

87.30

107

33.27

89.16

90.50

3

72.59

88

28.73

85.12

91 .50

4

83.71

89

28.98

81.42

159.99

5

101.23

34.77

87.40

97.01

113.50

Table 3. Cell dry matter and total protein2 for various cell dilutions
6

Cell Dilution (10 cells)
.5
Animal
#

1

07

Cell
Matter
m

1

Cell Dry
Matter

5

10

20

40

mg cell dry matter

%

1

457

9.60

.46

.91

4.57

9.14

18.28

36.56

2

274

6.00

.34

.67

3.37

6.73

13.46

26.93

3

287

5.02

.29

.57

2.88

5.74

11.48

22.96

4

239

7.37

.24

.48

2.39

4.78

9.56

19.1 2

5

301

6.06
Cell Crude
1
Protein (%)

.30

.60

3.01

6.02

12.04

24.08

1

72.83

.34

.67

3.35

6.71

13.42

26.84

2

59.26

.20

.40

1.99

3.99

7.98

15.96

3

54.64

.16

.31

1.57

3.14

6.27

12.55

4

65.43

.16

.31

1.56

3.13

6.26

12.51

5

60.76

.1 8

.37

1.83

3.66

7.32

14.63

mg cell total protein

Values are measurements taken from 500-million cell aliquots.
Total protein was calculated by multiplying the cell dry matter of the different dilutions by the percentage of crude protein.
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Table 4. Metabolite production over 90-minute incubation period1
Cell Dilution
6
(10 cells)

Acetoacetate

13-hydroxybutyrate

Lactate

Pyruvate

14C02

0.5

y = 1.09X + 31.83
,2 =0.52

y = 0.23X - 13.99
,2 =0.23

y = 2.88X + 31 .71

y = 0.19X + 2.93

y = 3.26X - 13.41

1

y = 0.46X + 5.20

y = 1.34X - 22.39

y = 2.77X + 11.44

y = -0.06X + 6.87

y = 1.99X - 4.91

5

y = 0.12X - 4.43

y = 1.00X - 6.45

y = 0.21X + 9.58

y = 0.06X -1 .03

y = 3.96X - 2.59

10

y = 0.07X - 2.32
,2 =0.54

y = 0.82X - 2.2

y = 0.19X-0.11

,2 =0.90

y = 0.04X - 0.74
,2 =0.70

y = 4.62X - 5.44

20

y = 0.06X - 0.41

y = 0.69X - 3.66

y = 0.11X - 0.52

y = 0.01X + 0.28

y = 4.01X - 4.48

40

y = 0.05X + 1.34

y=0.41X-1 .58

y = o.00x + 0.002

y = 0.02X - 0.04

y = 3.04X - 3.01

,2 =0.78

,2 =0.32

? =0.96

r2 =0.60

,2 =0.78

r2= 0.97

,2 =0.99

,2 =0.98

,2 =0.99

r2 =0.59

,2 =0.49
,2 =0.38

,2 =0.85

,2 =0.98

y = mx + b, y = runoles of metabolite produced or [l- 14 C)butyrate oxidized to

1

(minutes), and b = intercept.

14

,2 =0.53

r2 =0.06
r2 =0.58

r2 =0.49

,2 =0.95

,2 =0.08

,2 =0.38
,2 =0.81

,2 =0.98
,2 =0.99

r2 =0.99

C02 (10 6 cells·minute) - 1, m = slope, X = time interval

w
N

concentrations was primarily restricted to pyruvate, suggesting that pyruvate was being
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utilized at a rate equal to or slightly less than its production rate for the duration of the
incubation.
The oxidation of [l- 14C]butyrate to 14CO2 did not change significantly as cell
concentration of incubation flasks increased (Table 5) and the slope of 14CO2 production
over time did not change as cell concentration increased (Table 4).
Production rates and ratios of the PHBA and ACAC mitochondrial redox pair are
in Table 6. ACAC production was highest at 0.5- and I-million cell dilutions (P < .05).
Production decreased slightly from the I-million to 5-million cell dilutions (P < .1) and
reached a plateau with ACAC concentrations not differing between 5-, 10-, 20-, or 40million cell dilutions. PHBA production was highest at I-million and 5-million cell
dilutions (P < .05). The .5-million cell dilution was not different than 10-, 20-, or 40million cell dilutions, but the production ratio of l3HBA to ACAC at the .5-million cell
dilution was below one, suggesting that this dilution was not representative of intact
functioning ruminal epithelium. PHBA production steadily decreased as cell dilution
increased from I-million to 40-million cells (P < .05).

However, l3HBA to ACAC

concentration ratios were constant and physiologically representative between the five
and 40-million cell dilutions. Ratios of l3HBA to ACAC and LAC to PYR are listed in
Tables 6 and 7 in two different forms. The production ratios are calculated by taking the
ratio of the mean concentrations of each redox pair for respective cell dilution and are
used to indicate any change in the production equilibrium of either the mitochondrial or
cytosolic redox pair. Concentration ratios are the means of ratios for concentrations

Table 5.

14

C02 concentrations following 90-minute incubation
with rumen epithelial cells at various cellular dilutions

Cell Dilution
6

6

Flask concentration, nmoles/10 cells/90 min

(10 cells)

CO/

0.5

10.9 ab

± 21 .24

1

5.77 ab
± 10.41

5

13.74 ab
±2.57

10

13.56

a

± 1.79
20

12.10ab

± 1.34
40

8.93

b

± 1.30
14

C02 mean and SEM calculated using n = 13 for 0.5 and n = 15 for 1, 5, 10, 20, and
40-million cell dilutions.
abc~eans not sharing like superscripts are different (P < .05), within cell dilution.
1
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Table 6. Acetoacetate (ACAC) and ~-hydroxybutyrate (~HBA) concentrations
following 90-minute incubation with rumen epithelial cells at various
cellular dilutions
Flask concentration, nmoles(106 cells·90-min)"1
Cell Dilution

1

(106 cells)

ACAC

0.5

124.70 a
± 47.43

1

49.05

5

5.12
5.75

C

40

± 1.40

C

92.61
72.93

C

62.84

d

34.65
± 5.12

Ratio

a

0.17

a

2.72

ab

7.18

5

1.14
6.69
± 8.57

a

4.75

b

14.25

b

10.94

b

7.45

± 2.43
a

±6.06
C

1.01

~HBA/ACAC

± 0.70

± 5.16

± 1.49
4.65

133.59

~HBA/ACAC
Ratio 3' 4
± 1.53

±7.32

± 1.38
20

ab

± 16.90
be

±4.77
10

20.92
± 33.99

ab

± 17.48
12.91

~HBA

2

7.44
± 5.01

b

9.33
± 8.55

Acetoacetate mean and SEM calculated using n = 11 for 0.5 and n = 12 for 1, 5, 10, 20, and 40million cell dilutions.
2
~-hydroxybutyrate mean and SEM calculated using n = 15 for all cell dilutions.
3
~HBAIACAC ratio mean and SEM calculated using n = 10, n = 9, n = 15 for 0.5, 1, 5
respectively and n = 14 for 10, 20, and 40-million cell dilutions.
4
Calculated by talcing the mean of the ratios using concentrations uncorrected for endogenous
metabolite and referred to as concentration ratio.
5
Calculated by talcing the ratio of the means and is referred to as production ratio.
abcdMeans not sharing like superscripts are different (P < .05), within cell dilution.
1
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Table 7. Lactate (LAC) and pyruvate (PYR) concentrations following 90-minute
incubation with rumen epithelial cells at various cellular
dilutions
Flask concentration, nmoles(106 cells·90-minr1
Cell Dilution
6

(10 cells)

Lactate

1

0.5

209.40

abc

± 147.07
1

330.09
23.09

b

15.58

ac

8.96

a

7.64
± 1.03

ab

5.48
2.72

ac

0.74

a

1.80
± 0.98

Ratio

15.01

a

9.16

a

-175.58

a

4.22

a

5.74

a

12.18

a

4.25

5

41 .38
7.13

± 1.40
a

5.24
± 0.80

b

± 0.45
C

LAC/PYR
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Ratio •

± 26.26

± 0.84

± 0.97
40

-1 .88

LAC/PYR

± 6.57

± 2.04

± 3.39
20

ab

± 10.27

± 7.50
10

22.85
± 14.09

± 137.60
5

Pyruvate

2

5.88
± 1.94

ab

4.82
± 0.61

Lactate mean and SEM calculated using n = 14 for 0.5, n = 12 for l , and n = 15 for 5, 10, 20,
and 40-million cell dilutions.
2
Pyruvate mean and SEM calculated using n = 14 for 0.5 and n = 15 for all remaining cell
dilutions.
3
LAC/PYR ratio mean and SEM calculated using n = 12 and n = 9 for 0.5 and 1respectively and
n = 15 for 5, 10, 20, and 40-million cell dilutions.
4
Calculated by taking the mean of the ratios using concentrations uncorrected for endogenous
metabolite and referred to as concentration ratio.
5
Calculated by taking the ratio of the means and is referred to as production ratio.
abc°Means not sharing like superscripts are different (P < .05), within cell dilution.
1
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uncorrected for endogenous metabolite concentration. Since redox state affects
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metabolite production, concentration ratios determine the mitochondrial or cytosolic
redox status of the cells themselves.
Production rates and ratios of the lactate and pyruvate cytosolic redox pair are in
Table 7. Production oflactate was highest at the I-million cell dilution (P < .05). From
I-million to 40-million cell dilutions lactate production steadily decreased (P < .05) with
a plateau at 5 and 20- million cell dilutions. Pyruvate production showed little change as
the incubation cell concentration increased. The 20-million cell dilution had a
significantly lower production of pyruvate than the five and I 0-million cell dilutions.
Concentration ratios of lactate and pyruvate did not change significantly over all cell
dilutions.
The coefficient of variation (CV) was calculated for all four metabolites for each
of the twelve unit conversions at each cell dilution. This generated a mean CV for each
dilution. The lowest cell dilution CV ' s are 10- and 20-million, one and 5-million, 20million, and I 0-million for ACAC, PI-IBA, lactate, and pyruvate respectively (Table 8).
Comparisons of CV' s for all twelve units of expression were conducted by
grouping them based on million cells, mg cell dry weight, and mg cell total protein; or by
g wet tissue weight, kg body weight, and metabolic weight (Tables 9 and I 0). For
ACAC, PHBA, and lactate, the million-cell conversion when compared with cell dry
matter and cell total protein had a significantly lower coefficient of variation (Table 9).
Conversely, for pyruvate the variations for cell dry matter and cell total protein were
lower than the million cell conversion (P < .01 ; P < .05 respectively). Except for ACAC,

Table 8. Average coefficient of variation (CV)1 for each metabolite at each dilution
Cell Dilution
6
{10 cells}

Acetoacetate

.5

129.2

a

± 0.8
1

131 .3
135.0

a

93.9

b

94.9

cd

d

113.1 e
± 1.5

1

be

30.6
44.4

271.9

a

145.7

C

130.8

b

82.3

189.1

a

9652.1

abcde

± 6941.8
C

± 1.1
d

Pyruvate

± 7.7

± .3

150.8

b

± 1.3
d

110.7

C

± .7

± 1.8

41.7 e

246.2

± 2.4

±.4

± 3.6

73.2 '

61.3 '

203.0 e

± 1.5

± 1.7

± 2.6

± .7
40

33.7

Lactate
±2.2

± 1.0

± .8
20

a

± 2.4

± 1.1
10

7133.4
± 1467.5

± 1.2
5

13-hydroxybutyrate

52.7 e

± 2.5

d

Mean and SEM for all CV' s used n = 12 except the .5-million cell dilution for !3HBA which used n = 10.
CV' s not sharing like superscripts are different (P < .01), within cell dilution.

abcdetMean
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Table 9. Comparison of coefficients of variation (CV) between million cells, mg cell dry
matter (DM), and cell total protein (TP) modes of expression 1
Comparison

Acetoacetate

p-hydroxybutyrate

Lactate

-2.4 ± .7

- 7.2 *

- 5.8 **

± 3.1

± 1.2

10 cells vs. cell
TP

- 4.4 **

- 6.5 *

- 6.1 **

Cell DM vs. cell
TP

- 2.2 **

6

10 cells vs. cell
DM
6

I

± .5
± .6

± 2.9
±

± .9

Pyruvate
15.6 **
± 3.6
12.7 *
±5.4

.6

- .4

- 70.0

.6

± .4

± 66.5

Mean and SEM for acetoacetate and lactate CV 's used n = 24 and ~-hydroxybutyrate and pyruvate used n

=20.

*Indicates a significant difference between the two conversions (P < .05).
**Indicates a significant difference between the two conversions (P < .01).

Table 10. Comparison of coefficients of variation (CV) between cell conversions, g wet
tissue wt., body wt. and metabolic body weight 1

1

Comparison

Acetoacetate

~-hydroxybutyrate

Cell conversions
vs. g wet tissue wt.

- 5.3..,.
± .9

-4.8..,.
± 1.4

±

Cell conversions
vs. bodywt.

- 4.6 **
± .5

±

- 6 .3 **
1.0

Cells conversions
75
vs. (body wt.) ·

-3.2..,.
± .4

.6
.6

g wet tissue wt. vs.
body wt.

±

g wet tissue wt. vs.
75
(body wt.) ·

±

Bod~ wt. vs. (body
wt.) . 5

±

Pyruvate
-4.9
3.8

- .61
.91

±

±

.40
.72

±

-5.0..,.
± .8

±

.42
.53

- 2.0 t
± .9

- 1.4 t
± .7

±

.2
.8

±

1.7 *
.6

±

1.2
.1

±

-

Lactate

1.7..,.
.2

- 2 .8
1.3

1.02
.85

±

2.0
2.9

1.03
.79

±

2 .9
3.1

- .02
.19

±

±

.8
.3

*

*

Mean and SEM for acetoacetate and lactate CV' s used n = 18 and for ~-hydroxybutyrate and pyruvate n
= 15.
tlndicates a significant difference between the two conversions (P < .1 ).
*Indicates a significant difference between the two conversions (P < .05).
**Indicates a significant difference between the two conversions (P < .01).
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there was no difference in variation between cell dry matter and cell total protein. CV ' s
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for cell nwnber, cell dry matter, and cell total protein compared to their CV's after being
corrected for wet tissue weight, body weight, or metabolic weight were lower for ACAC
and ~HBA (P < .01; Table 10). Lactate and pyruvate CV' s showed no significant
differences when cellular modes of expression were compared to their counterparts
corrected for wet tissue weight, body weight, or metabolic weight. However, when
ACAC, ~HBA, and pyruvate CV' s for body weight were compared to metabolic weight
CV's, metabolic weight showed significantly less variation (Table 10).
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5. Discussion
As early as eight weeks of age, epithelial tissue has shown similar rates of VFA
metabolism as that of adult ruminants (Bush, 1988; Baldwin and Jesse, 1992). In the

present study heifers were still growing, but were fully functioning ruminants. Therefore,
age of heifers was assumed not to have an effect on metabolic activity of ruminal
epithelium and more importance was placed on epithelial tissue being at the same stage
of development. Production of PHBA from butyrate is a defining characteristic of fully
developed rumen epithelial cells (Baldwin and Jesse, 1991 ). Production of PHBA was
observed in cells isolated from all five heifers used in this study. Mean cell viability was
87.5% (± 1.29) and was similar to data reported by Baldwin and Jesse (1996), but slightly
lower than that reported by Waldron (1996). Cell dry weights and percentage of cell dry
matter (Table 3) were observed to be approximately half of what was reported by
Baldwin and Jesse ( 1996) and was assumed to be the result of animal to animal variation,
different sampling sizes, and methodological differences.
Ninety percent of butyrate absorbed by ruminal epithelium is oxidized either to
ketone bodies, or to CO2 (Bergman, 1990). Rumen epithelial tissue has been shown to
maintain an active citric acid cycle (Annison et al. , 1963) and pathways for ketogenesis
14

are strictly mitochondrial (Leighton et al., 1983). Therefore, oxidation of [l- C]butyrate
to

14

CO2 was not only a measure of butyrate that did not contribute to ketogenesis, but an

indication of citric acid cycle activity. The citric acid cycle remained at a constant rate of
14

activity as production of CO2 changed little from .5-million to 40-million cells/flask. A
cell ' s ability to convert ACAC to PHBA is dependent on concentration ofNADH in the
mitochondrial matrix (Heitmann et al., 1987). NADH produced from the oxidation of

butyrate and citric acid cycle activity helps to maintain a reduced state in the matrix
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(Koundakjian and Snoswell, 1970). Any change in citric acid cycle activity would
therefore be a likely indicator of a shift in metabolism and could explain variations in
ketone body production or redox state of the cytosol. However, with little change among
cell dilutions, the citric acid cycle can be considered independent of cell concentration
within the incubation flasks. Therefore, any variation in ketone production would likely
be caused by changes in mitochondrial redox status produced from a source other than
the citric acid cycle.
Number of cells incubated was originally thought to not affect metabolism since
an abundance of substrate was included in the incubation medium. This is contradicted by
the CV's (Table 8) tending to be the highest at the .5- and I-million cell dilutions for all
four metabolites and the abnormal ~HBA to ACAC and LAC to PYR concentration
ratios for these two dilutions (Table 6 and Table 7). Thus, it is apparent that a minimum
number of cells greater than .5- to I-million is required for incubations to achieve
physiological conditions. In addition to cell production of the two reduced metabolites
being significantly lower at 40-million cell dilution, the large-scale harvest of cells
required to use 40-million cells per flask physically is difficult to consistently attain.
Thus, it would be unwise to use this cell dilution as a standard. It should also be noted
that accuracy increases as the cell concentration increases, but use of the 40-million cell
dilution was excessive and was an attempt to saturate the system.
Short-term incubations of rumen papillae have shown that changes in redox state
within a cell affect the ratio ofketones produced (Goosen, 1976; Emmanuel, 1981). As
explained in the results section, ratios are reported in two forms, with concentration ratios

calculated for statistical comparisons and to observe redox state of the cells. Thus, any
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statistical change detected in concentration ratios is the result of a shift in the equilibrium
of ketone production and production ratios clarify the metabolite being produced at a
higher rate within the 90-minute incubation (Baldwin, personal communication). Ratios
of l3HBA to ACAC taken from bovine portal vein are reported between 6.6 - 8.2
(Weigand et al., 1972). Concentration ratios reported for 5-, 10-, 20-, and 40-million cell
dilutions in the present study were 4.7 - 9.3:1 and were similar to aforementioned portal
vein data. They also agreed with ratios of 4-7: 1 produced from incubating slices of
bovine rumen epithelium (Beck et al., 1984). Conversely, this study' s ratios are slightly
higher than ratios of 2-4: 1 commonly reported using the same rumen cell isolation
technique for both sheep and cattle (Waldron, 1996; Baldwin and Jesse, 1996).
l3HBA to ACAC ratios from .5- and I-million cell dilutions did not fall within
either of mentioned in vivo or in vitro reported ranges and the production ratio for the .5million cell dilution was less than one. Heitmann et al. (1994) reported l3HBA to ACAC
ratios of .15-.50:1 using isolated ovine rumen epithelial cells that were incubated at a
concentration of I-million cells/flask. This is very similar to the production ratio of .17: 1
for the .5-million cell dilution of this study. Production of ACAC was substantially
greater than l3HBA and implies an altered state of cell metabolism from that of normal
functioning rumen epithelium. All other published studies utilizing this technique
incubated cells at concentrations ranging from 3-million up to 39-million cells per flask
and achieved physiologic ratios (Baldwin, 1994; Baldwin and Jesse, 1996; Waldron,
1996). The I-million cell dilution production ratio (2.72) from this study shows an
increase in production of l3HBA and a decrease of ACAC occurring, but is not

pronounced enough to raise the respective concentration ratio ( 1.14) enough to differ
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significantly from the .5-million cell production ratio (1.01).
At these two cell concentrations the cytosol was extremely reduced, e.g. lactate to
pyruvate was 15 and 40:1 , respectively, and the mitochondrial matrix had a very low
redox potential resembling that reported by Heitmann et al. (1994). In addition,
incubations of cell dilutions of .5- and I-million cells had higher CV 's of production rates
than those of dilutions five through 40-million cells for each metabolite (Tables 8).
Activation of VF A ' s with CoA to form a CoA ester is necessary for subsequent
metabolism and may act as a control point for the metabolism of VFA. Butyrl-CoA
synthetase is known to have a greater activity than propionyl-CoA synthetase in the
ruminal epithelium (Ash and Baird, 1973). However, lactate is a product of propionate
metabolism and concentrations at the .5- and I-million cell dilutions were much higher
than that of total ketone production. This may be an indication of possible alteration in
activation of butyrate with a CoA, or metabolism subsequent to activation to butyrylCoA. If transport of butyrate is increased at low cell concentrations because of increased
availability; it may not necessarily result in increased PHBA production. Stevens and
Stettler (1966) were able to demonstrate that increased transport of butyrate across rumen
epithelium was not associated with an increased production of ketones. Weigand et al.
(1972) corroborated this by showing increasing amounts of butyrate absorbed from the
rumen resulted in a decreased portion of that butyrate being converted to PHBA.
Krehbiel et al. (1992) also reported increases in ruminal butyrate producing an increased

in vivo portal-drained viscera (PDV) flux of butyrate which was associated with an
increased flux of ACAC, but not PHBA suggesting a decreased intracellular PHBA to

ACAC ratio. The similarity of these flux studies to this cell study may be an inverse
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relationship between the available butyrate to tissue. Instead of increasing the amount of
available butyrate like previously mentioned in vivo and in vitro studies, the number of
cells per incubation flask decreased while the concentration of butyrate was the same.
Since saturation of the enzyme system for ketogenesis and limiting metabolic capacity for
oxidation of butyrate to ketones is thought to occur (Krehbiel, 1992), it is postulated that
a low number of cells could be overwhelmed by substrate. However, lower cell
concentrations tended to have higher rates of metabolite production. Beck et al. (1984)
presented evidence that contradicts the idea of saturation of the enzyme system
responsible for ketogenesis by showing oxidation of butyrate from slices of rumen
epithelium as concentration dependent. As the amount of butyrate in the incubation
media increased, the production of ketones increased.
Production of lactate at .5- and 1-million cell dilutions was highly elevated with
production concentrations twice that of any other metabolite. From the dilutions of 5- to
40-million cells, lactate and pyruvate concentrations changed little. Concentration ratios
were constant from 5- to the 40-million cell dilution (4.82 - 7.13) and fell within the
range (3 - 9.1) reported by Weekes (1972) incubating papillae from ewes. The enlarged
lactate production and abnormal concentration ratios at the .5- and I-million cell dilutions
(Table 7) support the suggestion that these cell concentrations had a different cellular
energy status than that found in the four higher cell concentrations.
It is unclear as to how the elevated lactate concentrations are related to the
abnormal ~HBA to ACAC ratios. The current method of fractional digestion does not
yield a 100 % homogeneous pool of rumen epithelial cells from stratum basale and

spinosum layers. Metabolic output from low concentrations of cells in the incubation

47

flask may be misrepresented by cells from the stratum granulosum and possibly stratum
corneum, than if there were a larger number cells present. Spinosum and basale cell
layers have significant numbers of mitochondria, thus contributing most to ketogenic
activities of the whole tissue (Baldwin, 1998). As cell layers get closer to the luminal
surface of the tissue they gradually contain fewer numbers of mitochondria (Steven and
Marshall, 1970) and the stratum corneum has been shown to have no significant amount
of enzyme activity (deLahunta, 1965; Baldwin and Jesse, 1991). In the .5- and I-million
cell dilutions it is possible that the percentage of cells originating from stratum
granulosum and corneum may not differ from percentages of higher cell concentrations,
but with fewer cells present there is a likelihood of greater substrate availability. High
concentrations of cells within an incubation flask may create more competition for
substrate and the slower metabolism of stratum granulosum may have decreased access
to substrate compared to that of lower cell dilutions. These outer cell strata having
significantly fewer mitochondria would yield irregular production rates of ketogenesis.
Also, rumen epithelial tissue is known to have a very active lactate dehydrogenase (Ash
and Baird, 1973) and this enzyme has been detected in the cytoplasm of stratum basale,
stratum spinosum, and interestingly the stratum granulosum (Galfi et al., 1982).
Consequently, large production oflactate and abnormal production ofketones in the .5and I-million cell dilutions, may be the result of poor homogeneity in cell layers desired
for incubations.
At cell dilutions from 5- to 40-million cells/flask, metabolite production
stabilized and was in agreement with data published in other laboratories using the same

cell isolation technique. The 5-million cell dilution appears to be a transition between
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the .5- and I-million cell concentrations and the 10-, 20-, and 40-million cell dilutions.
ACAC and pyruvate reach a plateau, changing little between 5- and 40-million cells/flask
and concentration ratios for all four metabolites indicate physiologic energy status.
l3HBA and lactate productions at 40-million cells/flask are significantly less than that of
some of the lower cell concentrations, but mitochondrial and cytosolic redox states are
statistically unchanged. A simple explanation might be related to the amount of substrate
available to cells. Individual cells within incubation flasks containing 40-million cells
could be physically exposed to less available substrate than cells within a lower dilution.
The idea of expressing metabolite concentrations through different conversions
was to standardize reporting criteria for primary cell incubations to facilitate comparisons
among laboratories and species. In this experiment, animals varied little in age, weight,
and stage of development and the cells varied little in dry matter and total protein (Table
3 ). Therefore, when expressing concentrations as a function of cell number was found to
be statistically preferable over mg of cell DM and cell TP it was not surprising (Table 9).
Cell DM measurements ruled out the possibility of there being difference in cell size
affecting metabolism, i.e., larger cells capable of larger rates of metabolite production.
Comparing values on a cell TP basis examined the possibility that cells with more protein
could potentially contribute more to metabolite production.
Expressing the three different types of cell based measurements as functions of
wet tissue weight (g), body weight (kg), or metabolic body weight (kg·75) facilitates data
comparisons with other experiments and laboratories. It has already been shown that
there is no difference in metabolite production, or enzyme activity between tissue

samples taken from different anatomical locations of the rumen (Weekes, 1974a;
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Waldron, 1996). Therefore, expressing cellular production on a wet tissue weight was
proposed reveal any variation caused by differences in cell density of tissue, or from
variations in cell quality or purity resulting from varying amounts of tryptic digestion
required for different amounts of tissue. However, digestion of different amounts of
tissue did not cause any significant amount of variation (Table 10) and is evidence that
current procedures for tissue digestion are reliable and independent of tissue quantity.
Dividing cell measurements by body weight was a correction for rumen size,
assuming the rumen was a constant percentage of total body weight. Adult bovine
ruminoreticulum is approximately 62% of the total stomach mass (Lyford, 1988). The
PDV of ruminants is accountable for about 24% of whole body energy metabolism
(Britton and Krehbiel, 1993). McLeod and Baldwin (in press) have recently found that in

vitro rates of total 0 2 consumption by isolated ruminal and intestinal epithelial cells show
cellular oxidative capacity remaining constant despite differences in tissue status (mature
vs. growing). It was also concluded that changes in organ mass of the digestive tract and
the resulting differences in PDV 0 2 consumption associated with ME intake and dietary
forage are the result of changes in organ weight rather than tissue oxidative capacity. The
conclusion that oxidative status of visceral tissue is not affected by changing organ mass
is supportive of present data showing that expression of measurements by cell properties
is preferable to expressing data as a function of body weight (Table 10).
When comparing animals of different sizes such as sheep and cattle it may be
necessary to reduce differences due to metabolic activity. Sheep are smaller animals than
cattle and have a larger surface area to volume ratio when comparing dimensions,

therefore sheep are likely to have a higher rate of basal metabolism. Interestingly,
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when values corrected for metabolic BW were compared to those corrected for BW,
metabolic body weight had a statistically lower CV (Table 10), suggesting that metabolic
BW is the preferred form of expression when it is necessary to correct for animal size.

6. Conclusions
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Metabolism of .5- and I-million cell dilutions was extremely variable and resulted
in non-physiological PHBA to ACAC ratios. The lowered production of lactate and
PHBA at the 40-million cell dilution suggests that cells are not achieving optimal rates of
production, perhaps, a result of lowered substrate availability compared to that of lower
cell concentrations. The ideal range of 5- to 10-million cells/flask is suggested to
minimize effects of error associated with lower cell numbers and to avoid effects on
production suspected to occur at higher cell numbers. Rates of metabolite production are
dependent on cell quantity of incubation flasks, but more work is necessary to uncover
any potential mechanisms that may be responsible.
When measuring metabolite production in cells isolated from animals of the same
species, with similar body weights, and of a similar stage of maturation; expressing the
data per cell number resulted in the lowest variation and is preferred to cell dry matter
and cell protein. In addition, corrections for tissue weight, body weight, and metabolic
body weight do not decrease variation and are unnecessary. However, when comparing
data between species, or animals at different stages of development, cell dry matter, cell
protein, and animal metabolic body weight may become important and is suggested that
researchers include this data.
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6-hydroxybutyrate Assay for Microtiter Plates
This procedure is based on the procedure described by Williamson and Mellanby
(1965) for measurement D-j3-hydroxybutyrate. The standard calibrations and the
procedures have been modified for the quantification of 13-hydroxybutyrate produced by
isolated rumen epithelial cells and for measurement on a microtiter plate.
Principle
The analysis of 13-hydroxybutyrate is a spectrophotometric determination based
upon a compound's (nicotinamide adenine dinucleotide, NAD+, in this analysis) unique
property to absorb a specific quantity of light of specific wavelength (340 nm). 13hydroxybutyrate concentration is indirectly determined from the concentration of NAD+
following the chemical reaction:

HOOC-CH2-CHOH-CH3 + NAD+
13-hydroxybutyrate

acetoacetate

13-hydroxybutyrate is oxidized, in a 1: 1 stoichiometry, using oxidized
nicotinamide adenine dinucleotide (NAD+) in the presence of the enzyme

13-

hydroxybutyrate dehydrogenase resulting in the formation of acetoacetate and reduced
nicotinamide dinucleotide (NADH). The change in absorption between the reduced and
the oxidized forms of nicotinamide adenine dinucleotide allows for the calculation of 13hydroxybutyrate concentration.
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1.

Prepare dilutions of standards.
Use 0.1261g/ 100 ml B-HBA for 10.0 mM (D-BHBA, in dessicator in refrigerator)
(This stock standard can be made in large amounts and frozen for future use.)
Serial Dilution can be prepared from stock BHBA: .0lmM, .025mM, .05mM,
.lmM, .5mM, and .75mM.
From 1OmM stock BHBA:
.1 mM -------------- -> 0.01 mM
40 ul lOmM
400 ul
.lmM
3960 ul d.d. H2O
3600 ul d.d. H 2O

.5mM --------->
200 ul lOmM
3800 ul d.d. H 2O

0.05mM--------------> .025mM
450ul .SmM
1500 ul .OSmM
3550 ul d.d. H2O
1500 ul d.d. H2O

.75mM
225 ul lOmM
2775 ul d.d. H2O
A.
B.
C.
D.
E.

After dilutions are prepared, bring the volume down to 3 ml
Add .2 ml perchloric acid concentrated
Add .4 ml K2CO3 5.8 mM
Vortex each tube.
Spin at 4,000 RPM for 10 min (setting 6)

Note : Standards are treated the same as samples.
2.

Tris -EDTA- Hydrazine hydrate buffer (50 ml)
25 ml .2 mM Tris (Sigma T 1378)
0.75 ml .1 MEDTA
1 ml Hydrazine hydrate (Sigma H0883)
pH to 8.5 with HCl and raise to 50 ml

Note: this buffer is only good for day of use. Also initial pH of this buffer is a
little high about pH 10. 6mM HCl is needed to bring to proper pH
3.

Working buffer
Tris-EDTA-Hydrazine hydrate buffer (50 ml)
5.55 ml d. d. H2O
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.0555 g NAD (stored in dessicator in freezer)
4.

Into 96-well plates:
Sample/std: 125 ul
Buffer:
125 ul

5.

Procedure:
1.
2.
3.
4.
5.
6.

Prepare standards
Add sample/stds, buffer. (Plate in increasing cone. of std., i.e. Al ,A2
.0lmM to Al l ,Al2 .75mM; also H12 plate water.)
Take initial reading at 340 nm.
Add 1 ul of B-HYDROXYBUTYRATE DEHYDROGENASE to each
well ( Sigma H6126).
Incubate at 37 °C for 45 minutes.*
Read final at 340 nm.

*1 Hr is required when more than one plate is assayed at a time.
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Acetoacetate Assay for Microtiter Plates
This procedure is based on that described by Mellanby and Williamson (1965) for
measurement of acetoacetate. The standard calibrations and the procedures have been
modified for the quantification of acetoacetate produced by isolated rumen epithelial cells
and for measurement on a microtiter plate
Principle

The analysis of acetoacetate is a spectrophotometric determination based upon a
compound's (nicotinamide adenine dinucleotide, NAD, in this analysis) unique property
to absorb a specific quantity of light of specific wavelength (340 nm). Acetoacetate
concentration is indirectly determined from the concentration ofNAD+ following the
chemical reaction:

Acetoacetate

P-hydroxybutyrate

Acetoacetate is oxidized, in a 1: 1 stoichiometry, using reduced nicotinamide
adenine dinucleotide (NADH) in the presence of the enzyme P-hydroxybutyrate
dehydrogenase resulting in the formation of P-hydroxybutyrate and oxidized nicotinamide
dinucleotide (NAD+). The change in absorption between the reduced and the oxidized
forms of nicotinamide adenine dinucleotide allows for the calculation of the acetoacetate
concentration.

1.

Prepare dilutions of standards.
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use 0.0108 g/ 10 ml AcAc for 10.0 mM (stored in dessicator in freezer, must be
made fresh on day of use.)
Serial dilutions are made to include standards: .00lmM, .003mM, .0lmM, .lmM,
.3mM, l .0mM.
From l .0mM AcAc:
.1 mM -------->
.01 mM ------------>
400 ul 1.0mM
400 ul .lmM
3600 ul d.d. H 2O
3600ul d.d. H2O
.3mM ------------------>
1200ul 1.0mM
2800 ul d.d.H2O
A.
B.
C.

.00lmM
400 ul .OlmM
3600 ul d.d. H2O

.003mM
40 ul .3mM
3960 ul d.d. H2O

After dilutions are prepared, bring down the volume of each standard to 3
ml (i.e .. lmM and .0lmM remove 600 ul, .003mM and .00lmM remove 1
ml)
Add .2 ml of concentrated perchloric acid.
Add .4 ml K2CO3 5.8 mM (stored in refrigerator)

Note: a white vapor will result and some bubbling in the tube. This
procedure should be performed on ice.
D.
E.
F.
2.

Vortex each tube.
Centrifuge at 4,000 RPM for 10 min. (Program #6)
Use cleared supernatant for the standard curve.

Phosphate buffer and NADH
13.6g/L for .lM KH2PO4
17.4g/L for .1M K2HPO4
Buffer is 1/2 .lM KH2PO4 and 1/2 K2HPO4, pH to 6.8

Note: this buffer comes in pretty close to 6.8. Not much acid is needed to bring to
proper pH .00426 g ofNADH (dry powder in dessicator in refrigerator) added to
10 ml ofphosphate buffer.
This is enough buffer for one 96 well tray.

3.

Into 96-well plates:
Sample/std:

150 ul
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Buffer: 100 ul
5.

Procedure:

1.
2.
3.
4.
5.
6.

Prepare standards (this should be made last since AcAc degrades fairly
rapidly).
Add sample/stds, buffer. (Plate in increasing cone. of stds, ie. Al, A2
.00lmM to Al l,Al2 l.0mM). Leave well Hl2 to plate water.
Take initial reading at 340 nm.
Add 1 ul of B-HYDROXYBUTYRA TE DEHYDROGENASE to each
well.(Sigma H6126) SHAKE!
Incubate at 37°C for 45 minutes.*
Read final at 340 nm.

*1 hr incubation if more than one tray is running at a time
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Lactate Assay for Microtiter Plates
This procedure is based on the Sigma Lactate Kit (#826-UV). The standard
calibrations and the procedures have been modified for the quantification of lactate
produced by isolated rumen epithelial cells and for measurement on a microtiter plate.

Principle
This procedure is based on the conversion of lactate to pyruvate by lactate
dehydrogenase in the presence ofNAD+. When excess NAD+ is present, all lactate will
be converted to pyruvate. Measurement of NADH before and after the addition of lactate
dehydrogenase will show the amount of lactate originally present because the absorbance
ofNAD + (280 nm) differs from that of its reduced analog NADH (absorbance of 340
nm).

1.

Prepare dilutions of standards
Use Lactic Acid (Sigma Ll 750 in dessicator in freezer).
Prepare a lOmM stock solution (this solution can be prepared in large quantities
of aliquots and stored in the freezer for future use. (lactate MW 90.08) For 50 ml
of 10mM stock mix .04504/S0mls.
Serial Dilutions can be prepared from l0mM stock Lactate: .0lmM, .02mM,
.03mM, .04mM, .08mM, .lmM.
From lOmM stock Lactate:
l .0mM------->
1.0ml lOmM
9.0 ml dd H2O 3

.02mM
.03mM
.04mM

.lmM
.0lmM
------>
400 ul .lmM
400ul 1.0mM
600ul dd H20 3600ul ddH2O

Amountl.0mM
60 ul
90 ul
120 ul

Amount dd H2O
2940 ul
2910 ul
2880 ul
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.08mM
A.
B.
C.
D.
E.

240 ul

2760 ul

After dilutions are prepared, bring down the volume to 3 ml. (Remove 600
ul from .lmM and 1.0 ml from .0lmM. The rest of the standards are at 3
mls.)
Add .2 ml concentrated perchloric acid.
Add .4 ml K2CO 3, 5 8 mM.
Vortex each tube.
Spin at 4,000 RPM for 10 min. (setting 6)

Note: Standards are treated the same as samples.
2.

Stock buffer solution
Glycine Buffer

Glycine, 0.6 mol/L
(MW 75.07)
hydrazine, 0.5 mol/L (MW 50.06)

Example: (50ml)

2.25g glycine
1.25ml hydrazine hydrate

pH to 9.2 at 25 °C, Store in refrigerator

Note: This initial pH comes in pretty close to 9.2

3.

Working Buffer solution
22 mlH2O
15 ml Glycine Buffer
.080 gNAD

4.

Into 96 well plates
Sample/std:
Buffer:

5.

125 ul
125 ul

Procedure:
1.
2.

3.
4.
5.
6.

Prepare standards.
Add sample/std, buffer to plate. (Plate in increasing cone. of std., i.e.
Al ,A2 .0lmM to Al 1, Al2 .lmM. Also, plate water in Hl2 to use as a
blank .. )
Read the plate with the appropriate blank well identified at 340 nm.
Add 2 ul of lactate dehydrogenase to all wells.
Incubate, covered for 90 min.*
Read a second time , again using the appropriate blank.

*Note: a reading at 45 min is also required to make this assay complete.
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Pyruvate Assay for Microtiter Plates
This procedure is based on the Sigma Pyruvate Kit (#726-UV). Tue standard calibrations
and the procedures have been modified for the quantification of pyruvate produced by
isolated rumen epithelial cells and for measurement on a microtiter plate.
Principle

This procedure is based on the conversion of pyruvate to lactate by lactate
dehydrogenase in the presence of NADH. When excess NADH is present, all pyruvate
will be converted to lactate. Measurement ofNADH before and after the addition of
lactate dehydrogenase will show the amount of pyruvate originally present because the
absorbance ofNADH (absorbance of 340 nm) differs from that of its oxidized analog.
NAD+ (280 nm)

1.

Prepare dilutions of standards.
Use Pyruvic acid (Sigma P2256 in dessicator in refrigerator).

Prepare a 10 mM stock solution (this solution can be prepared in large quantities
of aliquots and stored in the freezer for future use, mix .1100 g / 100ml).
Serial Dilutions can be prepared from stock pyruvate: .005mM, .0lOmM, .05mM,
. lmM, .3mM and .SmM.
From 10 mM stock Pyruvate:
.1mM-------------->
.01 0mM
40 ul lOmM
400 ul .lmM
3960 ul d.d.H2O
3600 ul d.d. H2O
.5mM------------->
200 ul lOmM
3 800ul d.d.H2O
.3mM

.0 SmM---------->
400 ul .SmM
3600 ul d.d H 20

.005mM
400 ul .OSmM
3600 ul d.d. H2O
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90 ul lOmM
2910 ul d.d. H2O
A.
B.
C.

D.

E.

After dilution are prepared, bring down the volume to 3 ml
Add .2mL perchloric acid concentrated.
Add .4ml K2 CO 3 5.8mM
Vortex each tube.
Spin at 4,000 RPM for 10 min (setting 6)

Note : Standards are treated the same as samples.
2.

Trizma base
Trizma, 1.5 mol/L
pH to 8.5

(MW 121.l)

Example: (100 ml)
18.18 g TRIZMA

BASE

Note: this is the stock buffer.
3.

Working buffer
3 ml water
22 ml Trizma base (stock buffer)
.0128 g NADH (in dessicator in refrigerator)

4.

Into 96 well plates:
Sample/std:
Buffer:

5.

150 ul
100 ul

Procedure:
1. Prepare standards.
2. Add Sample/standards, and buffer to plate. (Plate in increasing concentration
standard, i.e. Al,A2 .005mM to Al 1, Al2 .5mM; also Hl2 plate water).
3. Read the plate with the appropriate blank well identified at 340nm.
4. Add 2 µl oflactate dehydrogenase, to all wells.
5. Incubate, covered, for 30 min at 37°C.*
6. Read a second time, again using the appropriate blank.

*extra time is not required to run this assay, if multiple trays are running.
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